Confidential 



Michael N. Kozicki 
February 18, 2000 

1. PROGRAMMABLE METALLIZATION CELL 
TECHNOLOGY DESCRIPTION 



1.1 INTRODUCTION 

It is well known in the field of electrochemistry that metals such as silver or copper can be 
dissolved in chalcogenide glasses such as arsenic sulfide or germanium selenide, to form solid 
solutions These solid solutions are relatively poor conductors, with resistivity m excess ot 10 
times higher than that of the solid metal, as conduction is dominated by ion transport through the 
solid electrolyte. If electrodes are formed in contact with a layer of the solid solution and a 
voltage is anplied between them, the positively charged metal ions will migrate toward i the 
cathode region. Under aoDrooriate conditions, the ions will come out of solution at the cathode 
to form a stable metallic electrodeposit which may be made to extend from the cathode to the 
anode The electrodeposit can form on the surface of the chalcogenide or through a thin layer ot 
the elass depending on the placement of the electrodes. In either case, the low resistance meta^ 
electrodeposit acts to short-out the relatively high resistance glass ana hence the overall 
resistance of the structure can be reduced by many orders of magnitude via this electrically- 
stimulated deposition process. This is the basis of the Programmable Metallization Cell (PMC) 
technology [1] In our work to date, we have concentrated on arsenic sulfide-silver (As 2 b 3 -Ag, 
AsSrAg) and germanium selenide-silver (GeSe 2 -Ag, Ge 3 Se7-Ag) systems [2]. We have also 
investigated copper as the dissolved metal species. 

1.2 FUNDAMENTAL MECHANISMS 

The metal may be added to the chalcogenide by thermal diffusion or by photodissolution to 
create a ternary source for physical vapor deposition or after the glass is deposited as a thin Mm 
on the substrate. The photodissolution process involves the fflumination of a metal/glass bilayer 
with lieht of energy greater than the optical gap of the chalcogenide [3]. The amount ol metal 
dissolved in the film depends on the initial thickness of the metal layer and the illumination dose. 
The photodissolution of the metal is thought to result in the reduction of the cation in the Mm 
and the process is therefore self-limiting, halting when the cation has been reduced to its lowest 
oxidation state [4]. For silver in arsenic disulfide, this occurs at a ternary composition ot 
Ag^S, = 2A°,S + As,S with a corresponding silver concentration of 44.4 atomic /». Uus- 
concentration hS been confirmed in our films using Rutherford Backscattenng Spectrometry • 
(RBS) [2]. Note that if the metal is thermally dissolved into the chalcogenide, the saturation 
concentration mav be hasher than in the case of photodissolution [2]. Dissolved metal 
concentration may be maintained in the film even as metal comes out of s ° lutl °" dun *S 
electrodeoosition if there is a source of the same metal at the anode. The metal from the anode 
dissolves into the glass and moves toward the growing electrodeposit by a coordinated morion ot 
the ions. This replacement of metal appears to be necessary for rapid and stable electrodeposit 
formation for the reasons discussed below. 
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The electrochemical deposition of metal from solid solutions has been reported by other 
researchers in the past [5-8] but a complete understanding of this solid phase growth process has 
been somewhat elusive. The deposition of metal at the cathode and partial dissolution of the 
same metal at the anode indicates that device operation is analogous to the reduction-oxidation 
electrolysis of metal from an aqueous solution. When an electrical bias is induced across an 
electrolytic cell, the anode will oxidize if the oxidation potential of the metal anode is greater 
than that of the solution. Under steady state conditions, as current flows in the cell, the metal 
ions will be reduced at the cathode. For a solid solution of metal ions (M*), this reaction may be 
represented by: 

Anode: M M* + e" 
Cathode: NT + e"-» M. 

The electrons are supplied by the power source to the cathode and flow in the external circuit. 
When a potential is applied across the electrodes, metal ions migrate from the anode toward the 
cathode under the driving force of the applied electrical potential and the concentration gradient. 
This ion transport through the electrolyte will be the rate-limiting factor in the electrodeposition 
process if the electrodes are widely spaced but is much less of a factor in sub-micron structures. 
At the boundary layer between the electrolyte and the electrodes, a finite potential difference 
exists due to the transfer of charge and change of state associated with the electrode reactions. 
This potential difference leads to polarization in the region close to the phase boundary (the 
electric double layer). When an external voltage is first applied across the electrodes, "non- 
Faradaic" current will flow in order to charge the double layer, without causing any reduction or 
oxidation of the metal. An important consequence of the electric double layer is that for the 
redox reaction to proceed, the applied potential must overcome this double layer potential. There 
is therefore a **threshold voltage" for electrodeposition, below which no metal deposition occurs. 
For all practical purposes, this voltage is in the order of a few hundred millivolts for the metal- 
chalcogenide structures described above. 

If the anode is replaced with a metal with a lower oxidation potential than the solid 
solution, the anode will be essentially chemically inert and only serve as an electronic 
conduction path. The reduction of the metal ions in solution at the cathode will then occur at the 
expense of the solution. The concentration of metal ions in the solid solution will decrease 
during electrodeposition on the cathode until the electrode potential equals the applied potential 
and reduction will then be halted. Further reduction requires greater applied voltage (governed 
by the Nernst equation), so that the electrolytic deposition process is self-limiting for a 
moderately low applied potential. This has important consequences for device operation as the 
"stalled" electrodeposit may not bridge the electrode gap and hence the resistance of the device . 
will remain high. In addition, the metal depleted glass could result in the subsequent thermal 
dissolution of the electrodeposit, which would not occur if the glass was maintained at the metal 
saturation point through dissolution of a silver anode. 

Finally, it should be noted that the electrodeposition is reversible by the application of a 
reverse bias. If the electrodeposit itself is made the anode, it will dissolve back into the 
chalcogenide as metal comes out of solution at the opposite electrode. In devices which consist 
of a thin film of the solid solution in a via hole between the electrode layers, the metal will tend 
to redeposit in the area from which it came as this zone will be slightly depleted of metal by the 
original electrodeposit growth. In any device configuration, the magnitude of the field will have 
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an effect on electrodeposit morphology; low fields will tend to produce a "densely branched" 
relatively flat deposit on the electrode whereas higher fields will produce elongated "diffusion 
limited aggregate" structures [9]. It is important to avoid this latter type of deposition in the 
reverse bias case if the intent is not to grow a bridging electrodeposit so that we may break or 
"erase" the connection between the electrodes. 

The electrical characteristics of the PMC metal/solid solution/metal arrangement are 
complex but may be represented by a number of models. The a_c. equivalent circuit, modeling 
which was performed by our group has been described elsewhere [10] but the small-signal "off" 
characteristics of the device are dominated by the electric double layer and are therefore 
somewhat similar to a metal-semiconductor or "Schottky" contact. This means that prior to 
electrodeposition, the current increases exponentially with applied voltage. Once the 
electrodeposit forms, the device looks very much like a metal wire with ohmic (linear current- 
voltage) characteristics as the double layer and solid solution is effectively shorted out by the 
metal element. 

1 .3 DESCRIPTION OF THE DEVICE TECHNOLOGY 

1.3.1 Structure 

The preferred configuration is the "active-in-via" (AIV) variant of the PMC technology. This 
device configuration has the solid solution of metal ions in chalcogenide wholly contained within 
a via hole in a dielectric layer. This is an extremely compact structure and lends itself well to 
scaling. Indeed, we have been able to demonstrate the operation of AIV devices in vias as small 
as 50 nm in diameter and there should be no reason why these devices should not be able to be 
scaled to the sub- 10 nm regime. The best materials for the dielectric from the viewpoint of 
containing potential mobile ion contamination are silicon nitride, silicon oxynitride, or polymeric 
materials such as polyimide or parylene-n. The solid solution has an excess of the dissolved 
metal, e.g. silver or copper, in the form of a thin film on one of the contact surfaces (top or 
bottom). If photodissolution is used to form the solid solution, more metal than is required to 
saturate the solution is initially deposited so that when dissolution is completed, a thin layer of 
excess metal remains. The connections to the top and bottom surfaces of the solid solution/metal 
bilayer are made from the interconnect layers above and below the dilelectric layer. The 
interconnect material in direct contact with the solid solution should be indifferent, i.e., not 
electrochemically active. For example, copper, silver, or zinc should not be used but tungsten, 
nickel, molybdenum, platinum, various common silicides, etc. are acceptable. If this 
interconnect layer is formed from an active material, a barrier layer, such as titanium nitride, 
should separate the solid solution from the metal. The structure for the case of Ag in Ge3Se7 is 
shown schematically in Fig.l. Note that for this device configuration, the electrodeposit will 
actually form on the surface of the solid solution which is in contact with the surrounding - 
insulator, i.e., at the interface between the chalcogenide and the dielectric. 

1 .3.2 Write operation 

The off resistance of the device shown in Fig. 1 depends on a number of factors, including 
geometry and processing history, but can readily be well in excess of 1 MQ. When a forward 
bias above the electrochemical threshold voltage is applied to the device - positive to the excess 
metal electrode, negative to the indifferent electrode - significant outward growth of an 
electrodeposit will occur from the indifferent electrode. Electrodeposition will initially tend to 



Confidential 



Confidential 

occur at the point where the electric field is highest, e.g., at an asperity or "rough point" at the 
electrode, but once an electrodeposited "bud" has formed, all subsequent deposition will take 
place at the tip of the growing electrodeposit as this is the point at which the electric field 
remains the highest This extended electrodeposit will bridge the gap between the electrodes and 
hence the resistance will drop by many orders of magnitude. On the other hand, a reverse bias 
prior to any electrodeposition will result in a non-extending electrodeposit on the negative 
electrode and hence the resistance will not change by any significant amount (it actually 
increases slightly due to depletion of ions in solution). The time it takes to form the link depends 
on the applied current and the volume of the electrodeposit, the latter determining the link 
resistance. In the calculations of switching speed, we assume the following: 

(a) The electrodeposition process is 100% efficient - every electron results in the 
deposition of one atom in the link. Since N Ag = 5.8xl0 22 atoms/cm 3 , the total charge 
required per cm 3 of electrodeposit = 9.28x 1 0 3 C. 

(b) The electrodeposit has a uniform cross-sectional area, A, and the thin film resistivity, 
p, is lOOx (worst case) the bulk value for silver (i.e., lOOxl.SxlO" 6 flcm). The 
electrodeposit resistance can therefore be calculated from R = pL/A where L is the length 
of the device. 

(c) We can ignore parasitics such as double layer capacitance and electrodeposit contact 
resistance. 

For a 0.25 \xm diameter device with a 30 nm thick solid solution in the via (L = 3x10"* cm), if we 
wish to produce a connection resistance R which is in the order of 1 kfi, A = pL/R = 4.5xl0" 13 
cm". For L = 3x10^ cm, the electrodeposit volume is 1.35xl0~ 18 cm 3 . The total charge required 
to form this 1 kO connection is L25xl0" 15 C. This suggests that a constant applied current of 1 
pA should allow switching in the nsec regime, although parasitic capacitances will tend to 
increase this time. Since the voltage required to drive this current can be in the order of a few 
volts, even accounting for inefficiencies the energy used is significantly less than 1 p J to reduce 
the resistance of the device by several orders of magnitude. 

The growing electrodeposit progressively harvests the ions from the entire length of the 
solid solution as it grows from the cathode to the anode. This is an important point as it means 
that the ions which ultimately form the metallic link only have to move a short distance" from just 
below the surface of the solution (ion movement is normal to the growth) in order to join the 
electrodeposit at its tip. If we assume that the electrodeposit thickness in a typical active-in-via 
device is around 1 nm, the depth of solid solution required to supply ions for this is around twice 
this thickness which means that the ions only have to migrate at most a few nm. This, coupled 
with the high electric fields present (around 10 6 V/cm) means that the electrodeposition process , 
can be extremely fast Exactly how fast will be largely determined by the mobility of the ions in 
the solid solution. For example, if the ion mobility is around 10* 5 cm 2 /V.sec (which, for 
comparison, is over a hundred million times less than electron mobility in silicon at room 
temperature), the ions would only take around 20 nsec to move from the solid solution to the 
growing electrodeposit. Although there are currently no values published for silver ion mobility 
in silver-germanium selenide ternaries, available results suggest that mobility will be in excess of 
10" cmVv.sec [11]. This would allow PMC devices to perform at speeds which are close to 
cuirent DRAM performance. 
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1*3.3 Mobility and device speed enhancement 

The electrochemical process on which the Programmable Metallization Cell technology is based 
involves the electrodeposition of metal from a solid solution. The metal in solution is in ionic 
form and will move under the influence of an electric field as long as the structure of the metal- 
chalcogenide material allows the ions to be mobile at room temperature. For example, 
amorphous or "glassy" compounds, phase-separated materials, and polycrystalline films may 
support ion movement due to the relatively "open" nature of their structures, i.e., "they all contain 
defect-rich regions which can act as pathways for ion drift under an electromotive force. 

The key to creating a fast device is to ensure that, the ion mobility is made as high as 
possible. One way of doing this is to add a material which deliberately "weakens" the structure 
of the solid solution, creating more defects and therefore allowing the ions to move more easily 
under the influence of an electric field. The halogens seem to work well in this respect; iodine is 
known to reduce the glass transition temperatures of chalcogenides (an indication of structural 
change) and ion mobility is seen to increase significantly. It is also possible that hydrogenation 
of the chalcogenide and the addition of other network modifying elements will produce the same 
effect (e.g. Ag in selenium-rich Ge x Se U)c is known to be a network modifier). 

1.3.4 Threshold voltage control 

For most low power/high density memory applications, the extremely small switching threshold 
voltage of the metal-chalcogenide structure is ideal. Fig. 2 shows the characteristics of a device 
which switches from its high resistance state (around 7.5 MQ. at 100 mV) to a low resistance 
value of 20 k£2 (determined by the current limit - see later) at a write voltage, V w , of 180 mV. 
However, in applications such as anti-fuses and some memory configurations, a write voltage 
higher than a few hundred millivolts may be desirable. This is possible by incorporating an 
electrically insulating Carrier" material on the cathode which prevents a complete connection 
between the electrodes via the electrodeposition process. This barrier must be thin enough to 
allow electrons to tunnel from the cathode conductor through to the solid solution and thereby 
promote electrodeposition on the barrier material itself but thick enough to limit the tunneling 
current at low voltage so that the off state is maintained even when an electrodeposit has been 
formed. One example of a suitable barrier is that created by the oxidation of the cathode 
material; indeed, a native oxide, grown spontaneously in air to a self-limiting thickness of a few 
nm, may be sufficient for this purpose. As an alternative, a different barrier material may be 
formed on the cathode using an appropriate growth or deposition technique. With the 
incorporation of a barrier such as this, the device will not switch to its low resistance state until 
the voltage-drop across the barrier region exceeds the breakdown value for the barrier material. 
Breakdown voltage for oxides is typically in the order of 1 V/nm and hence a barrier thickness of 
1 - 3 nm is sufficient to push the switching threshold voltage to 1 - 3 V. Figs. 3 and 4 show 
control of V w by way of the incorporation of an oxide barrier on the anode. The device of Fig. 3 
has an oxide barrier on its nickel anode which is in the order of 1.7 nm thick, formed by 
oxidation in air, and the corresponding V w is seen to be 1.7 V. The device of Fig. 4 uses a 
chromium anode with a thicker native oxide (exact thickness in the device is unknown) and the 
corresponding V w is above 3 V in this case. 

Fig. 5 shows the current- voltage (I-V) characteristics of a 4 jam via diameter test version 
of the device of Fig. 1. The solid solution is a 35 nm thick layer of silver/germanium selenide, 
doped by photodissolution to saturation. No attempt was made to remove the native oxide on the 
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cathode prior to the deposition of the chalcogenide and the resulting barrier thickness is thought 
to be in the order of 1.3 -1.5 nm. In this particular device, the current below 0.5 V is less than 1 
pAi indicating an off resistance in the TQ region, but rises rapidly above this. This shows that 
the I-V characteristics are dominated by tunneling through the oxide barrier. Fig. 6 shows the I- 
V characteristic of the same device for forward bias (positive on top contact, negative on bottom) 
from zero to 2 V. At a forward bias in excess of a few hundred mV, metal will come out of 
solution at the cathode (lower electrode). However, if the bias is below 1 V or so, the (intact) 
barrier at the cathode will determine the overall device resistance; only a small tunneling current 
will flow and so the resistance remains high. At a forward of 1.4 V, there is sufficient voltage 
across the barrier to rupture it and the electrodeposit is allowed to link the electrodes. This is 
illustrated by the 4t write" curve of Fig. 6, which indicates that the device is in its low resistance 
(metallic or Ohmic) on state. 

1.3.5 Multi-bit storage 

The on state resistance is set by the amount of charge which flows during the electrodeposition 
process. This holds for barrier or non-barrier devices and is independent of device geometry. In 
the case of the device of Fig. 6, this resistance is in the order of 200 Q, a change of more than 
nine orders of magnitude from the off state. Note that electrodeposition only proceeds if the 
voltage is in excess of approximately 0.2 V. The process can therefore be self-limiting by 
restricting the current flow such that when the resistance drops, the voltage across the device 
falls below this critical threshold and the electrodeposition halts, thereby fixing the resistance. 
This effect may be expressed simply as 



where Ro„ is the on resistance and I|j m is the maximum current which is allowed to flow. The 
current limit for the device of Fig. 6 is 1 mA and hence the on resistance is 200 Q but if In m is 
decreased to 100 jiA, Ron will be in the order of 2 kQ, and so on. For the devices of Figs. 2-4, 
the current limit was set at 10 jiA and hence the on resistance was limited to 20 kQ in all cases. 
In the simplest sense, the off and on resistance states can be used to store digital information in 
binary form. However, the programmable resistance effect allows us to employ more than two 
resistance stales to represent and store information. For example, if we can program the on 
resistance to any one of three well defined and stable values (Ri, R2, R3), this plus the off state 
(Ro) will allow us to store two bits of information in digital form in each device, i.e., 



In practice, the limitation to the amount of information stored in each cell will depend on how 
stable each of the resistance states is with time. For example, if we have a programmed 
resistance range of 3.5 kfi and a resistance drift over a specified time for each state of ±250 
we could fit 7 equally sized bands of resistance (7 states) into this range which could be used 
with the off state to represent 3 bits. If the drift was dependant on the magnitude of the 
resistance, i.e., could be represented as a percentage of the programmed resistance, then the 
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overall range could be divided logarithmically, with larger bands for the higher resistances. Fig. 
7 illustrates three bit storage for a three decade resistance range and a maximum drift of ±45%. 
In the limit, for near zero drift in a specified time limit, information could be stored as a 
continuum of states, i.e., in analog form. 

1.3.6 Read operation 

The state of the device may be read by applying a forward or reverse bias of magnitude less than 
the voltage threshold for electrodeposition or by using a current limit which is less than or equal 
to the minimum programming current (the current which will produce the highest of the on 
resistance values). This will ensure that the device state is not disturbed by the read condition. 
A current limited (to 1 mA) read operation is shown in Fig. 6. In this case the voltage is again 
swept from 0 to 2 V and the current rises up to the set limit (from 0 to 0.2 V), indicating a low 
resistance (Ohmic/linear current-voltage) state. Another way of performing a non-disturb read 
operation is to apply a pulse which has a voltage which could be considerably higher than the 
electrochemical deposition threshold but whose duration is such that no appreciable Faradaic 
current flows, i.e., nearly all the current goes to polarizing/charging the device and not into the 
electrodeposition process. 

1.3.7 Erase operation/cycling 

The erase operation involves the application of a reverse bias of magnitude greater than the 
threshold for electrodeposition. In this case, the non-symmetric nature of the device promotes 
reverse electrodeposition or electrodissolution, thereby returning the metal to the solution and 
removing the link between the electrodes. The device therefore returns to its high resistance off 
state. Note that if the erase voltage is lower than 1 V or so, electrodeposition on the excess metal 
layer will not result in a link growing from this electrode but in a "re-plating" of material in the 
location which supplied the metal during the previous (forward bias) electrodeposition event 
Note that the charge required for the electrodissolution is the same as that originally required to 
grow the link and hence the erase operation is also a very low energy process. Fig. 8 illustrates 
the effect of a voltage sweep from 6 to -1 V. From 0 to around 02 V, the device is clearly on 
but quickly attains a high resistance state when the applied voltage exceeds this threshold. Fig. 9 
compares the I-V curves of the same device before a write operation and after it has been erased. 
These low current/high resistance curves are very similar, indicating that the switching process is 
indeed fully reversible. Note that as long as the electrodeposition/electrodissolution threshold 
can be exceeded, the device will erase. 

In both barrier and non-barrier devices, the write erase process is repeatable. Indeed, 
there is currently no known reason why devices cannot be written to and erased for an indefinite 
number of cycles, as long as breakdown (due to excessive applied voltage) of the chalcogenide • 
or dielectric materials does not occur. In the case of the barrier devices, the write threshold 
remains high even after the barrier dielectric has been ruptured many millions of times as the 
erase process seems to "heal" the barrier, possibly by a localized anodic oxidation process. 

1.3.8 High density solid-state memory 

The key attributes of a high density solid state memory are (1) extremely low power/energy to 
avoid problems with power density/heating, (2) low voltage to allow the close packing of 
structures without breakdown and crosstalk, and (3) the ability for the devices to be scaled to 
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minimum lithographic dimensions. The memory described in this document would appear to 
meet these requirements and also adds the possibility of increased data density through multi-bit 
storage. To achieve high information storage density, the simplest layout is a cross point matrix 
where metal layer N forms the columns (e.g., bit lines) and metal layer N+l forms the rows 
(word lines). The memory devices (cells) reside in vias at each crossing point The main 
problem with this approach is that without some form of cell-to-cell isolation, parasitic paths 
may form through "rings" of on devices. Obviously, a diode or a transistor can be used for cell 
isolation purposes, as illustrated in Fig. 10. These components could be formed in the silicon 
substrate, along with all the other silicon components necessary for information control 
(decoders, sense amplifiers, etc.). However, to attain maximum storage density and free-up 
valuable silicon real estate, these elements should be fabricated using thin film techniques and 
reside in the same layers as the memory cells. This technology, usually based on amorphous or 
polycrystailine silicon, has existed for some time and is actually used extensively in TFT active 
matrix displays. The devices typically have a higher on resistance than the single crystal 
versions but this is largely immaterial in a system which uses low currents as the increase in 
voltage drop and power dissipation due to this effect will be minimal The ultimate density 
could be attained by placing a thin film diode in each of the vias, in series with the memory 
elements, as shown in Fig. 1 L In this way, it would be relatively simple to layer many levels of 
memory cells on top of each other to create a high density memory stack. 
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